ABCB1 and ABCG2 work together at the blood-brain barrier (BBB) to limit brain distribution of dual ABCB1/ABCG2 substrates. In this pilot study we used positron emission tomography (PET) to assess brain distribution of two model ABCB1/ABCG2 substrates ([ 11 ]tariquidar with PET under conditions when ABCB1 and ABCG2 were functional and during ABCB1 inhibition, in subjects who were either noncarriers or heterozygous carriers of the ABCG2 SNP c.421C>A.
(c.421CA) the ABCG2 single-nucleotide polymorphism (SNP) c.421C>A. Subjects underwent PET scans under conditions when ABCB1 and ABCG2 were functional and during ABCB1 inhibition with high-dose tariquidar. In contrast to the ABCB1-selective substrate (R)- [ 11 C]verapamil, [ 11 C]elacridar and [ 11 C]tariquidar showed only moderate increases in brain distribution during ABCB1 inhibition. This provides evidence for a functional interplay between ABCB1 and ABCG2 at the human BBB and suggests that both ABCB1 and ABCG2 need to be inhibited to achieve substantial increases in brain distribution of dual ABCB1/ABCG2 substrates. During ABCB1 inhibition c.421CA subjects had significantly higher increases in [ 11 C]tariquidar brain distribution than c.421CC subjects, pointing to impaired cerebral ABCG2 function.
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? þ Preclinical data in rodents suggest that Abcb1a and Abcg2 work together at the BBB in limiting brain distribution of ABCB1/ABCG2 substrate drugs.
WHAT QUESTION DID THIS STUDY ADDRESS?
þ Our pilot study examined for the first time the functional interplay between ABCB1 and ABCG2 at the human BBB by assessing brain distribution of the model ABCB1/ABCG2 substrates [
C]elacridar and [
11 C]tariquidar with PET under conditions when ABCB1 and ABCG2 were functional and during ABCB1 inhibition, in subjects who were either noncarriers or heterozygous carriers of the ABCG2 SNP c.421C>A.
WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
þ We obtained first evidence for a functional interplay between ABCB1 and ABCG2 at the human BBB resulting in only moderate increases in brain distribution of ABCB1/ ABCG2 substrates when ABCB1 alone is inhibited. However, in c.421CA subjects the effects of ABCB1 inhibition were more pronounced than in c.421CC subjects. HOW THIS MIGHT CHANGE CLINICAL PHARMA-COLOGY AND THERAPEUTICS þ Our data suggest an overall low risk for transporter-mediated drug-drug interactions for ABCB1/ABCG2 substrate drugs, which may be higher in carriers of the c.421C>A SNP.
The adenosine triphosphate-binding cassette (ABC) transporters P-glycoprotein (humans: ABCB1, rodents: Abcb1a) and breast cancer resistance protein (humans: ABCG2, rodents: Abcg2) are two major efflux transporters expressed at the luminal membrane of brain capillary endothelial cells forming the blood-brain barrier (BBB). 1 They can restrict distribution of their substrates from blood to the brain by efflux transport directed from the endothelial cell back into blood. Several clinically used drugs are substrates of both ABCB1 and ABCG2 including most tyrosine kinase inhibitors, some other anticancer drugs, 2, 3 as well as drugs for other central nervous system (CNS) indications. [4] [5] [6] ABCB1/ABCG2 efflux transport generally results in very low brain exposure of drugs.
Studies in transporter knockout mice have shown that Abcb1a and Abcg2 work together in limiting brain distribution of shared (dual) ABCB1/ABCG2 substrates. 7 When only Abcb1a alone or Abcg2 alone is knocked out, the other transporter restricts brain access of dual substrates, so that dual substrates can only gain brain access when both Abcb1a and Abcg2 are knocked out. This functional interplay between Abcb1a and Abcg2 at the BBB has been clearly demonstrated in mice for several dual ABCB1/ ABCG2 substrates, such as mitoxantrone, erlotinib, lapatinib, and topotecan. [7] [8] [9] It is, however, to date not known to what extent the functional interplay between Abcb1a and Abcg2 observed at the rodent BBB translates to the human BBB. This is of particular interest given recent evidence for pronounced species differences in relative expression levels of ABCB1 and ABCG2 at the rodent and human BBB with ABCG2/ABCB1 expression ratios of 1.3 in humans and 0.3 in mice. [10] [11] [12] This may potentially lead to species differences in brain distribution of dual ABCB1/ABCG2 substrates as well as to different susceptibilities to transporter-mediated drug-drug interactions (DDIs) at the BBB. 1 Positron emission tomography (PET) is a noninvasive nuclear imaging technique that enables assessment of brain distribution of drugs labeled with positron-emitting radionuclides, such as carbon-11 ( 11 C) or fluorine-18 ( 18 F). 13 PET has been used to study ABCB1 function at the human BBB including the assessment of ABCB1-mediated DDIs. [14] [15] [16] [17] [18] However, so far dual ABCB1/ABCG2 substrate radiotracers have not been examined in humans. We and others have recently shown that the radiolabeled ABCB1 inhibitors [
11 C]elacridar and [ 11 C]tariquidar are transported at microdoses by Abcb1a and Abcg2 at the rodent BBB, while lacking brain distribution of radiolabeled metabolites. [19] [20] [21] [22] [23] [24] In addition, there is evidence that elacridar and tariquidar are also substrates of human ABCB1 and ABCG2. 22, 25, 26 The aim of the present pilot study was to use [ 11 C]elacridar and [
11 C]tariquidar as two model substrates to assess for the first time the functional interplay between ABCB1 and ABCG2 at the human BBB. We studied brain distribution of both probe substrates with PET under conditions when both ABCB1 and ABCG2 were fully functional, as well as during infusion of unlabeled tariquidar at a dose that inhibits ABCB1 without inhibiting ABCG2, 21 so that the specific contribution of ABCG2 could be revealed. Moreover, the effect of a well-known nonsynonymous single-nucleotide polymorphism (SNP) in the ABCG2 gene (c.421C>A), which has been associated with reduced ABCG2 function, 27, 28 was studied on [ 11 C]tariquidar brain distribution.
RESULTS

In vitro transport assays
We performed uptake experiments in cell lines overexpressing either human ABCB1 (Figure 1a) or ABCG2 (Figure 1b) 11 C]tariquidar PET data in five c.421CC subjects, five c.421CA subjects, and one c.421AA subject. Adverse events occurring during study participation for which a relationship with tariquidar administration could not be excluded were dysgeusia (10 subjects), collapse (four subjects), phlebitis (three subjects), headache (three subjects), dizziness (two subjects), and abdominal cramps and vomiting (one subject).
PET in c.421CC subjects
In Figure 2 (Figure 3b,d) . AUCs for plasma time-activity curves (TACs) in scans 1 and 2 are provided in Supplementary Table 1 . For both radiotracers, brain concentrations of radioactivity were increased during ABCB1 inhibition (Figure 3a ,c). Data were analyzed using noncompartmental and compartmental modeling approaches. For compartmental modeling, a 2-tissue-4-rate constant (2T4K) compartment model was used, which we have shown in our previous work to provide better fits of the data than a 1-tissue-2-rate constant (1T2K) compartment model. 26 For [ 11 C]elacridar, the ratio of brain to plasma AUC (AUCR), total distribution volume (V T ) calculated with Logan graphical analysis (V T (Logan)), influx rate constant of radioactivity from plasma into brain (K 1 ) and V T calculated with 2T4K model (V T (2T4K)) were significantly increased in scan 2 as compared with scan 1 ( Table 1) .
For [
11 C]tariquidar, none of the outcome parameters was significantly changed in scan 2 as compared with scan 1 ( Table 2) . Tariquidar plasma concentrations during the PET scan (average of three determinations at beginning, middle, and end of PET scan) were 2.6 6 0.5 lmol/L for the [ 11 C]elacridar group and 2.6 6 1.1 lmol/L for the [ 11 C]tariquidar group (Supplementary Table 2 ). There was for both radiotracers no significant correlation between changes in outcome parameters in scan 2 and tariquidar plasma concentration at time of PET.
PET in c.421CA subjects
11 C]tariquidar, PET imaging was additionally performed in a group of subjects with the c.421CA genotype. In addition, one female subject with the c.421AA genotype underwent a [
11 C]tariquidar baseline PET scan. In the baseline scan, V T (Logan) values of c.421CA subjects (0.42 6 0.11) were not significantly different from c.421CC subjects (0.43 6 0.10) ( Table 2 ). V T (Logan) of the c.421AA subject was 0.40 (data not shown in Table 2 ), which was comparable with V T (Logan) values in c.421CC and c.421CA subjects. In scan 2, V T (Logan) values of c.421CA subjects were significantly higher than for c.421CC subjects (0.74 6 0.20 vs. 0.41 6 0.09, P 5 0.016) ( Table 2 ). In c.421CA subjects, AUCR, V T (Logan), and K 1 were significantly increased in scan 2 as compared with scan 1, whereas V T (2T4K) showed a trend for increases without reaching statistical significance (P 5 0.144) ( Figure 4 , Table 2 ). Scan 2/scan 1 ratios of AUCR (P 5 0.032) and V T (Logan) (P 5 0.016) were significantly different between c.421CC and c.421CA subjects. In c.421CC subjects, V T (Logan) in scan 2 was essentially unchanged as compared with scan 1 (scan 2/scan 1 ratio: 1.0 6 0.2). In contrast, in three out of five c.421CAsubjects pronounced increases (1.8-fold to 3.1-fold) in V T (Logan) were observed in scan 2 relative to scan 1, whereas two c.421CA subjects had smaller increases in V T (Logan) (1.1-fold to 1.3-fold). Mean scan 2/scan 1 ratio of V T (Logan) in c.421CA subjects was 1.9 6 0.8. Tariquidar plasma concentrations at the time of PET were not significantly different between subjects with the c.421CC (2.6 6 1.1 lmol/L) and the c.421CA genotype (3. Table 2 ). Moreover, there was no significant correlation between scan 2/scan 1 AUCR and V T (Logan) ratios and tariquidar plasma concentrations, neither in c.421CA subjects nor in c.421CC subjects nor in both groups combined. In addition, we analyzed the PET data from 0-10 minutes with a 1T2K model, which showed in c.421CA subjects significant increases in K 1 (P 5 0.043) and significant decreases in the efflux rate constant of radioactivity from brain to plasma k 2 (P 5 0.043) during tariquidar infusion (Supplementary Figure 1 ). Moreover, K 1 /k 2 increases in the ABCB1 inhibition scan relative to the baseline scan were significantly greater in c.421CA (2.2 6 0.6-fold) than in c.421CC subjects (1.4 6 0.2-fold, P 5 0.036). The c.421CA subject with the highest increase in [ 11 C]tariquidar V T (Logan) in scan 2 (3.1-fold increase) was rescanned with [ 11 C]elacridar ( Figure 2 ). This subject also had for [ 11 C]elacridar a markedly higher increase in V T (Logan) in scan 2 (2.3-fold increase, data not shown) as compared with the mean increase in [ 11 C]elacridar V T (Logan) in c.421CC subjects (1.4 6 0.2-fold increase).
Comparison of brain distribution with pituitary gland
The pituitary gland, a brain region with fenestrated capillaries, which is not protected by the BBB, was also outlined on the PET images ( Figure 2 ). Both for [ Outcome parameters are given as mean 6 standard deviation averaged over all subjects (n 5 5) per group. The value in parentheses represents the precision of parameter estimates (expressed as their coefficient of variation in percent), averaged over all subjects per group. AUCR, ratio of brain to plasma area under the time-activity curve (0-60 min); K 1 , k 2 , k 3 , k 4 , rate constants for transfer of activity between the plasma, the first and the second tissue compartments calculated with 2-tissue-4-rate constant (2T4K) compartment model; V T , total distribution volume; V T (Logan), V T calculated with Logan graphical analysis; V T (2T4K), V T calculated with 2T4K model. *P < 0.05 for comparison with baseline scan using Wilcoxon matched-pairs signed rank test. Table 2 [ 11 C]Tariquidar outcome parameters (whole brain) in c.421CC and c.421CA subjects for baseline scan and scan during ABCB1 inhibition with tariquidar Outcome parameters are given as mean 6 standard deviation averaged over all subjects (n 5 5) per group. The value in parentheses represents the precision of parameter estimates (expressed as their coefficient of variation in percent), averaged over all subjects per group. AUCR, ratio of brain to plasma area under the time-activity curve (0-60 min); K 1 , k 2 , k 3 , k 4 , rate constants for transfer of activity between the plasma, the first and the second tissue compartments calculated with 2-tissue-4-rate constant (2T4K) compartment model; V T , total distribution volume; V T (Logan), V T calculated with Logan graphical analysis; V T (2T4K), V T calculated with 2T4K model. *P < 0.05 for comparison with baseline scan using Wilcoxon matched-pairs signed rank test.
in scan 1 and scan 2, respectively (Figure 5c ). This contrasted with previously published data for the ABCB1-selective radiotracer (R)-[
11 C]verapamil, 18 for which whole brain V T (Logan) was 5.2 6 1.4-fold lower than in the pituitary gland in scan 1, but only 1.2 6 0.2-fold lower than in the pituitary gland in scan 2 ( Figure 5d ). Based on the data shown in Figure 5 we also calculated fraction transported (f t ) for all three radiotracers as described before (Supplementary Table 3 ).
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DISCUSSION
This is to our knowledge the first study in which the functional interplay between ABCB1 and ABCG2 was assessed in vivo at the human BBB. We used PET together with [
11 C]elacridar and [ 11 C]tariquidar as two metabolically stable model compounds, for which it has been previously shown that they are at low concentrations as employed in PET experiment substrates of murine and human ABCB1 and ABCG2. 22, 25, 26 Here we confirmed by performing in vitro uptake experiments in cell lines overexpressing human ABCB1 or ABCG2 that both compounds are substrates of human ABCB1 and ABCG2. Moreover, we demonstrate that increasing doses of tariquidar inhibit ABCB1-mediated transport of both probe substrates more potently than ABCG2-mediated transport (Figure 1) 30 which suggested that tariquidar inhibited ABCB1 transport of all three substrates with comparable potency.
We then characterized both radiotracers in vivo in healthy human subjects by employing a recently developed PET protocol involving two consecutive scans, a first baseline scan and a second scan during ABCB1 inhibition achieved by coinfusion of tariquidar. 18 We have shown in a previous study with the ABCB1-selective radiotracer (R)-[
11 C]verapamil that this continuous-infusion tariquidar administration protocol leads to almost complete inhibition of ABCB1 at the human BBB, 18 without affecting cerebral blood flow. 15 Plasma concentrations of tariquidar at the time of the second PET scan were above the previously estimated in vivo IC 50 value for inhibition of ABCB1 transport of (R)-[ 11 C]verapamil at the human BBB (2.3 6 1.0 lmol/L), 18 which suggested that a substantial degree of ABCB1 inhibition was achieved in our study. Tariquidar is the only currently available ABCB1 inhibitor that can be used in humans to achieve such a high degree of ABCB1 inhibition at the BBB. 16, 18 However, a limitation of tariquidar restricting its wider use is that it is a nonmarketed drug with limited availability, which is only available as an i.v. infusion solution with a short shelf life. Based on our in vitro data that revealed 28-fold and 18-fold lower IC 50 values of tariquidar for inhibition of ABCB1 transport than for inhibition of ABCG2 transport of [ Brain distribution of both probe substrates was very low (Figure 2) , which was consistent with efflux transport by ABCB1 and ABCG2. Both radiotracers showed only a low amount (<10%) of radiolabeled metabolites in plasma, which suggested good metabolic stability in humans, like in rodents. 19, 20 During tariquidar infusion, both radiotracers showed a significant increase in plasma exposure (Figure 3, Supplementary Table 1 ), which may have been caused by inhibition of ABCB1 and/or other transporters in clearance organs like the liver. Both radiotracers showed increases in brain exposure during ABCB1 inhibition, but this was partly due to increased plasma exposure ( Figure 3) . PET data were modeled by using previously described noncompartmental and compartmental modeling approaches, 26, 31 which revealed only for [ Table 1) . These were the same modeling outcome parameters that were previously shown to be affected by ABCB1 inhibition for the ABCB1-selective radiotracers racemic [ 21, 22 are in line with the relatively higher abundance of Abcb1a in the mouse as compared with the human BBB. 10, 12 In comparison with a previous preclinical study, 31 ]tariquidar were 2-fold lower in humans than in rats, which could be related to differences in ABCB1/ABCG2 expression levels in brain capillaries of rats and humans. 12, 33 A direct assessment of the influence of ABCG2 function on brain distribution of [ 11 C]tariquidar by employing a chemical inhibitor of ABCG2 (e.g., Ko143), as we have done in a preclinical study, 21 was not possible in humans due to the lack of a clinically usable ABCG2 inhibitor. In order to overcome this limitation we studied a group of volunteers who were heterozygous carriers of the ABCG2 c.421C>A SNP. Previous studies have demonstrated that this genetic polymorphism leads to diminished expression of ABCG2 in various tissues, such as the liver, placenta, and intestine, 34, 35 and can also lead to changes in plasma pharmacokinetics of ABCG2 substrate drugs, such as sulfasalazine and rosuvastatin. 27, 28 It has been estimated that in vivo intestinal ABCG2 transport activity in c.421AA subjects is 23% of that in c.421CC subjects. 36 Among Caucasians, homozygous carriers of the c.421C>A SNP are very rare (1%), but heterozygous carriers of the variant allele are more common (17%). 28 Brain distribution of [ 11 C]tariquidar did not differ between c.421CA and c.421CC subjects in baseline scans, in which both ABCB1 and ABCG2 were functional ( Table 2) . We additionally examined one person with the c.421AA genotype, which is expected to lead to a greater reduction in ABCG2 expression as compared with the c.421CA genotype. 27, 28 This subject showed no difference in [ 11 C]tariquidar brain distribution in the baseline scan when compared to c.421CA and c.421CC subjects. This suggests that under conditions when both ABCB1 and ABCG2 are functional the effect of the ABCG2 SNP is masked by ABCB1 function. However, under conditions of ABCB1 inhibition, increases in brain distribution of [ 11 C]tariquidar were significantly greater in c.421CA than in c.421CC subjects, suggesting impaired ABCG2 function at the BBB of c.421CA subjects (Figure 4) . This is to our knowledge the first evidence for an effect of the ABCG2 c.421C>A SNP on ABCG2 transport activity at the human BBB. Three out of five c.421CA subjects showed markedly higher increases in [ 11 C]tariquidar brain distribution during ABCB1 inhibition than the c.421CC subjects (Figure 4) . In two out of five c.421CA subjects, increases in brain distribution were less pronounced, which, however, could not be explained by lower tariquidar plasma concentrations in these two subjects as compared with the other three subjects (see Supplementary Table 2 , subjects 1 and 2). Apart from a significant increase in K 1 , the 1T2K model also revealed a significant decrease in k 2 of [ Figure 1) . Such an effect has also been observed for other ABCB1 substrate PET tracers. 37 The c.421CA subject with the highest increase in [ In contrast to (R)-[ 11 C]verapamil as radiotracer, for which we were able to study brain distribution in humans in the almost complete absence of efflux transport at the BBB, 18 we were not able to study brain distribution of [ 11 C]elacridar and [ 11 C]tariquidar in the complete absence of ABCB1 and ABCG2 function. This would require a potent dual ABCB1/ABCG2 inhibitor such as elacridar, which is currently not available for use in humans. 38 To obtain an estimate of maximum possible brain distribution of [ 11 C]elacridar and [ 11 C]tariquidar in the absence of ABCB1 and ABCG2 function, we studied, in analogy to previous studies with other radiotracers, 16, 18, 39 distribution to the pituitary gland, a brain region with fenestrated capillaries that is not protected by the BBB. 40 We have recently shown that distribution of (R)-[
11 C]verapamil to the pituitary gland is comparable to its brain distribution when ABCB1 is almost completely inhibited (Figure 5d) . 18 Both for [ 11 C]elacridar and [ 11 C]tariquidar the pituitary gland was clearly visible in the PET images and showed markedly higher radioactivity uptake as compared with the rest of the brain (Figure 2) . It should be noted, however, that the pituitary gland is a small structure, which may be vulnerable to partial volume effects, which could lead to inaccuracies in measuring its true radioactivity concentration. Under conditions of ABCB1 inhibition brain uptake of [
11 C]elacridar and [ 11 C]tariquidar was still 7.9 6 2.1-fold and 13.9 6 4.7-fold lower than uptake in the pituitary gland, implying that maximum possible brain uptake was not reached ( Figure 5 ). This suggests that ABCG2 effectively compensated ABCB1 function at the BBB, thereby restricting brain distribution of both probe substrates during ABCB1 inhibition. The moderate increases in brain distribution of [ 11 C]elacridar and [ 11 C]tariquidar during ABCB1 inhibition contrasts with the behavior of the ABCB1-selective radiotracer (R)-[ 11 C]verapamil, for which brain uptake was 3.8 6 0.6-fold increased-reaching similar levels as in the pituitary gland-when ABCB1 was inhibited using an identical tariquidar administration protocol (Figure 5d) . 18 Our data provide the first evidence that a functional interplay between ABCB1 and ABCG2, as described before in rodents, 7-9 also exists at the human BBB, providing an effective protection system of the human brain. Increases in brain distribution of the two studied ABCB1/ABCG2 substrates following ABCB1 inhibition were considerably smaller in humans as compared with rodents, which is in good agreement with previously reported species differences in ABCG2/ABCB1 expression ratios at the BBB. 12 A significant enhancement of the distribution of dual ABCB1/ABCG2 substrates to the human brain only seems to be possible when both ABCB1 and ABCG2 are simultaneously inhibited. This clearly diminishes the risk for clinically relevant transporter-mediated DDIs at the human BBB for dual ABCB1/ABCG2 substrate drugs, because perpetrator drugs, which potently inhibit both transporters at clinical plasma concentrations, are expected to be very rare.
1 However, our pilot data suggest that carriers of the c.421C>A SNP may be more vulnerable to ABCB1-mediated DDIs involving dual ABCB1/ABCG2 substrate drugs than subjects without the ABCG2 SNP, although this needs to be confirmed with additional substrates in larger cohorts.
A limitation of our study is that we were most likely not able to achieve complete ABCB1 inhibition with the employed tariquidar dose, resulting in some remaining ABCB1 transport activity during the second PET scan. However, due to safety concerns it was not possible to administer higher doses of tariquidar in our study.
In conclusion, our pilot study provides the first evidence for a functional interplay between ABCB1 and ABCG2 at the human BBB in limiting brain distribution of dual ABCB1/ABCG2 substrate drugs, which is expected to result in a very low risk for transporter-mediated DDIs for such drugs. The PET protocol employed in the present study allowed for the first time measuring the transport activity of ABCG2 at the human BBB and might also be applicable to investigate cerebral ABCG2 function in other settings, such as in different neurological diseases.
METHODS
Our study was conducted as a pilot study, was registered with EUDRACT (number 2012-005796-14), approved by the Ethics Committee of the Medical University of Vienna, and conducted in accordance with the current (2013) version of the Declaration of Helsinki. All subjects were given a detailed description of the study, and their written consent was obtained before entry into the study. Study participants were defined as healthy based on medical history, physical examination, routine blood and urine laboratory testing, and were required to be free of any medication for at least 14 days before start of the study.
Genotyping Four-mL venous blood samples were drawn from all study participants. Subjects were genotyped for the ABCG2 c.421C>A SNP by means of probe-based polymerase chain reaction (PCR) applying the TaqMan method. 41 We were able to identify 11 subjects with the c.421CA genotype from 52 screened subjects. In addition, one female subject with the c.421AA genotype was recruited from an existing database at the Austrian Red Cross Blood Transfusion Services. In total, 10 male subjects with the c.421CC genotype, six male subjects with the c.421CA genotype, and one female subject with the c.421AA genotype participated in the PET imaging part of the study. 
Safety monitoring
During the PET study, heart rate and blood pressure were repeatedly measured and recorded. In addition, clinical laboratory blood and urine tests were performed. Adverse events were recorded. 11 C]tariquidar using a previously described solid-phase extraction protocol. 26 An arterial plasma input function was constructed using total radioactivity counts in plasma as reported before. 26 One hour before the start of the second PET scan an i.v. infusion containing 0.6 mg tariquidar free base per mL (AzaTrius Pharmaceuticals, Mumbai, India) was started at an infusion rate of 375 mL/h and maintained until the end of the scan as described before (total infusion length: 121 6 4 minutes, total administered tariquidar dose: 5.7 6 0.8 mg/kg). 18 Three arterial blood samples (5 mL) were collected at the beginning, in the middle, and at the end of the second PET scan to measure plasma concentrations of tariquidar by a previously described liquid chromatography tandem mass-spectrometry assay. 17 Plasma protein binding of both radiotracers was determined with ultrafiltration as described before 42 by incubating plasma samples collected immediately before each PET scan with either [ PET data analysis and modeling A whole brain gray matter region of interest was defined on individual magnetic resonance images acquired in all study participants (T1-weighted Achieva 3.0T scanner; Philips Medical Systems, Best, The Netherlands) using the Hammersmith n30r83 3D maximum probability atlas of the human brain. 43 In addition, the pituitary gland was manually delineated. TACs were extracted from the coregistered dynamic PET images as described previously. 44 A standard 2T4K compartment model (Supplementary Figure 3) was fitted to the TACs from 0-60 minutes after radiotracer injection as described previously. 26, 44 In addition, a 1T2K model (Supplementary Figure 3) was fitted to the first 10 minutes of the PET data as described before. 17 In order to obtain a model-independent estimate of V T , Logan graphical analysis was performed. 45 Moreover, AUCs for brain and plasma TACs were calculated and the ratio between the brain AUC and plasma AUC, designated as AUCR, was calculated as an additional parameter of radiotracer brain distribution. 
Imaging and sampling
Cell lines
46
In vitro uptake assays Cells were seeded with a density of 0.3 3 10 6 cells/cm 2 on 96-well plates (white Isoplates for liquid scintillation counting, Perkin Elmer, Rodgau, Germany). Then 5-7 days after the cells reached 100% confluence, the experiment was initiated with 1-hour preincubation at 378C, 5% carbon dioxide, and 95% humidity, for which culture medium was replaced by serum-free Opti-MEM (Gibco/Life Technologies, Darmstadt, Germany). Solvent (dimethylsulfoxide) or tariquidar in concentrations of 5, 10, 20, 35, 50, 200, 5 ,000 nmol/L was added to the medium for LLC-ABCB1 cells and in concentrations of 100, 200, 500, 1,000, 2,000, 5,000 nmol/L for MDCK-ABCG2 cells. At the beginning of the experiment, medium was changed to Opti-MEM containing either [ 
Statistical analysis
All data are given as mean 6 standard deviation (SD). Differences in outcome parameters between scan 1 and 2 were tested using the Wilcoxon matched-pairs signed rank test and differences between groups were tested with the Mann-Whitney U-test (Statistica 6.1, StatSoft, Tulsa, OK). Correlations were assessed by calculating Spearman's correlation coefficients using Prism 6.0 software. P < 0.05 was considered statistically significant. 
